The conversion efficiency decrease due to temperature rise and the loss of incident light due to surface reflection are problems in solar cells. Multi-functional optical films which have functions of wavelength selective transmission to cut off infrared rays and antireflection are an effective solution. However, optical characteristics of these films is changed by incident angle of ray, and in practical use, the incident angle of solar light is changes depending on time. Therefore, in this research, we investigated the incident angle dependency of transmittance of the cover glass and conversion efficiency for solar cells with multi-functional optical films. The results show that incident angle dependency appears for angles in excess of 10 degrees. The center of the wavelength cut off range shifted by 140 nm for an incident angle of 30 degrees and conversion efficiency decreased 0.7%. From this result, it is thought that a decrease of conversion efficiency results from a collapse of the balance between decreasing the transmitted light used for power generation and preventing a temperature rise.
INTRODUCTION
Nowadays, the energy situation is becoming serious because of the exhaustion of fossil fuels and the rapid increase in demand for energy in Asia, etc. Additionally, it is said that carbon dioxide is a cause of global warming. As a result of the heavy consumption of fossil fuel, about 846 tons per second of carbon dioxide is being discharged worldwide [1] . Global warming may exert serious influences in terms of a rise in sea levels and abnormal weather, etc.
New energy sources are attracting attention as a way to resolve these problems. In particular, the greatest expectations are placed on solar energy because it is unlimited and involves no noise and no discharge of carbon dioxide.
However, the conversion efficiency of solar batteries, at around 20-30%, is not high [2] . Additionally, the temperature rise in solar panels caused by thermal infrared rays cause conversion efficiency to decrease [3] . Therefore, we developed a wavelength selective transmission thin film, which transmits visible light, and cuts off thermal infrared rays [4] . Another factor that decreases efficiency is reflection from the cover glass. Reflection from the cover glass can, at maximum, decrease transmittance by as much as 8%. We succeeded in decreasing reflectance using a reflection reducing thin film on the cover glass [5] . Additionally, we developed multi-functional optical thin films which have the characteristics of both a wavelength selective transmission thin film and a reflection reducing thin film.
However, these optical thin films were designed giving consideration to vertical incidence of light only. The incident angle of sunlight is not vertical. It changes depending on time. In the actual application of these films for use in solar batteries, we have to consider various incident light angles. Therefore, we investigated the incident angle dependency of the transmittance of solar cell cover glasses which have multi-functional optical thin films.
OPTICAL THIN FILMS
Cover glass is, in order to achieve surface protection, always installed on solar cells intended for actual use. Hence, it is an effective solution for optical thin films capable of preventing decreases in efficiency to be prepared on the cover glass. These optical thin films are explained below.
Wavelength selective transmission thin film
The wavelength selective transmission thin film is a multilayer film filter composed of two or more layers in the form of accumulated dielectric thin films of SiO 2 , of a low refractive index, and TiO 2 /Nb 2 O 5 , of high refractive index.
Light of a specific wavelength is cut off through the interference between the incident and reflected light resulting from the difference of optical path length in the interface of the film. The thin film designed in this research cuts near-infrared rays off in order to prevent a surface temperature rise in the solar cell, and transmits visible rays. Figure 1 shows the transmission spectra of the cover glass with the wavelength selective transmission thin
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34 [3] 427-430 (2009) film. The wavelength region from 1000 nm to 1400 nm is cut off, this corresponding to the near-infrared. The wavelength region from 400 nm to 1000 nm, corresponding to the visible and infrared, is transmitted. The cut off area from 2500 nm to 3000 nm is due to absorption by SiO 2 .
Reflection reducing thin film
The reflection reducing thin film is a multilayer film filter which is formed by accumulated SiO 2 and TiO 2 , similar to the wavelength transmission thin film. A portion of the visible rays are reflected by the surface of the cover glass after passing through the multilayer film. These reflected rays are re-reflected by the multilayer film and their direction is changed to be the same as that of the incident light. Figure 2 shows the transmission spectra of the cover glass with the reflection reducing film and cover glass. In the wavelength area of visible rays, transmittance of a cover glass with the reflection reducing thin film is higher than that of the plain cover glass alone. Additionally, this film cuts off near-infrared rays in a similar way to the wavelength selective transmission thin film.
Multi-functional optical thin films
The multi-functional optical thin films were designed with both the functions of the wavelength selective transmission thin film and the reflection reducing film. When designing the wavelength selective transmission thin film, it was necessary to reduce the number of layers as much as possible because the larger the total film thickness, the more transmittance in the visible ray area decreases. In addition, the reflection reducing film not only has high-transmittance in the visible ray area but also low-transmittance in the near infrared ray area. Its transmittance of near infrared is similar to that resulting from there being a few layers on the surface of the wavelength selective transmission thin film. Therefore, the multi-functional optical films were designed based on the wavelength transmission thin film, replacing a few layers on the surface with the reflection reducing film. A summary of the multi-functional optical thin films is shown in Figure 3 . Combining characteristics of both optical thin films, we developed multi-functional optical thin films, which have both functional of wavelength selective transmission thin film and reflection reducing thin film. It also enables to reduce the number of layer.
EXPERIMENTAL METHOD 3.1 Preparation of optical thin film
We prepared the optical thin film based on a design using 3-source radio frequency sputtering equipment. Silicon, titanium and niobium were used as the targets. At the time of target spattering, oxygen gas was injected into the chamber, the oxidized target atoms attaching to the glass substrate.
Measurement of incident angle dependency of transmittance
We measured the transmittance of the multi-functional optical thin films using a UV-3150 (SHIMADZU) spectrophotometer. The measurement wavelength range was from 190 to 3200 nm. To measure dependency on incident angle, an angle adjustable sample holder was developed.
The sample glass was set in the holder, and the incident angle dependency of transmittance was measured by changing the incident angle from 0 to 30° in steps of 10° (0° corresponding to vertical incidence).
Measurement of incident angle dependency of conversion efficiency
Conversion efficiency of the solar cell with multi-functional optical films was measured by a tiny solar simulator PEC-L11 (Peccell Technology, Inc.). A Xenon lamp, that includes an optical system, was used as the light source. This light source has excellent homogeneous properties and corresponds well to the standard solar spectrum. A 2400 series source meter (Keithley Instrument Inc.) was used as the measurement 
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system, and open circuit voltage, short circuit current, maximum power and conversion efficiency were measured by measurement software, with loads changed automatically. To measure the dependency on incident angle, an angle adjustable sample base was developed.
RESULTS AND DISCUSSION 4.1 Transmittance of Plain glass
Incident angle dependency of the transmittance of a plain glass substrate is shown in Figure 4 . According to the figure, there was little dependency of transmittance on incident angle.
Transmittance of Multi functional optical thin films
The incident angle dependency of transmittance of a glass substrate with multi-functional optical thin films is shown in Figure 5 . According to the figure, there was little incident angle dependency from 0° to 10°. On the other hand, when the incident angle exceeded 10° the cut off wavelength area shifted towards shorter wavelengths. Larger incident angles made the cut off wavelength area shift towards shorter wavelengths. This is because changing incident angle causes the optical path length to change. The cut off wavelength depends on the optical path length because of the principle by which the optical film operates.
The relationship between the incident angle and the center wavelength of the cut off area is shown in Figure  6 . According to the figure, as for center wavelength, there was little difference at 10°. Over 10°, transmittance in the cut off area increased.
The relationship between the incident angle and transmittance at the center cut off wavelength for the design is shown in Figure 7 . According to the figure, as for center wavelength, there was little difference at 10°. Over 10°, transmittance in the cut off area increased.
Efficiency
The relationship between incident angle and efficiency is shown in Figure 8 . According to the figure, efficiency began to decrease at over 20° and efficiency had dropped by 0.7% at 30°. Also, according to Figure 7 , at over 20°, transmittance in the visible wavelength area was less than that for vertical incidence. Part of the wavelength range which causes a temperature rise in the olar cell coincides with that used for power generation. Hence, the cut off wavelength area was selected giving consideration to the balance between the decrease in power generation caused by the cut off and the decrease in conversion efficiency caused by a temperature rise. However, it is thought that this balance collapses when there is a shift in the cut off area to lower wavelengths brought about by a change in incident angle, and the overall conversion efficiency decreases.
CONCLUSION
In this research, we measured the incident angle dependency of transmittance of a multi layer optical thin film. For the transmittance characteristics, we showed that there was little change at 10°, but that a shift to shorter wavelengths occurred at over 10°.
We also showed that transmittance increased at over 20°. The change in transmittance was almost linear at 30°, with a rate of increase of about 1.4% per degree.
For the application of multi-functional optical thin films for use in solar cells, we need to consider the incident angle dependency of the optical thin film. Because of diurnal and annual motion of the sun, the incident angle of sunlight changes according to time and season. Therefore, to improve efficiency, it is important to set up solar batteries giving consideration to the angle of incidence of sunlight.
In future, we plan to design multi-functional optical thin films which will avoid decreasing efficiency over a 
